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CONVERSION FACTORS
For readers who wish to convert measurements from the inch-pound system of units to the metric system of units, the conversion factors are listed below: 
ALTITUDE DATUM
Sea level: In this report "sea level" refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929) A geodetic datum derived from a general adjustment of the first-order level nets of both the United States and Canada, formerly called "Sea Level Datum of 1929."
Methods for Estimating Monthly Streamflow Characteristics at Ungaged Sites in Western Montana
By Charles Parrett1 and Kenn D. CartierÂ bstract Three methods for estimating mean monthly discharge and various points on the daily mean flow-duration curve for each month (daily mean discharges that were exceeded 90, 70, 50, and 10 percent of the time each month) were developed for western Montana. A procedure for weighting two or more individual estimates to provide a minimum-variance weighted-average estimate also was developed. This report describes the estimation methods developed and their reliability and limitations.
The first method is based on multiple-regression equations relating the monthly streamflow characteristics to various basin and climatic variables. Standard errors of the basin-characteristics equations range from 43 to 107 percent. The basin-characteristics equations are generally not applicable to streams that receive or lose water as a result of localized geologic features or to stream sites that have appreciable upstream storage or diversions.
The second method is based on regression equations relating the monthly streamflow characteristics to channel width. Standard errors of the channel-width estimating equations range from 41 to 111 percent. The channel-width equations are generally not applicable to stream sites having exposed bedrock, braided or sand channels, or recent alterations.
The third method requires 12 once-monthly streamflow measurements at the ungaged site of interest. The 12 measured flows are then correlated with concurrent flows at some nearby gaged site by use of the curve-fitting technique MOVE.1 (Maintenance of Variance Extension, Type 1), and the relation defined is used to estimate the required monthly streamflow characteristic at the ungaged site from the streamflow characteristic at the gaged site. Standard errors, which are estimated by applying the method to 20 other gaged sites, range from 19 to 92 percent. Although generally substantially more reliable than either the basin-characteristics method or the channel-width method, this method may yield unreliable results if the measurement site and the correlating gaged site are not hydrologically similar.
Manuscript approved for publication, January 26, 1989. 1 U.S. Geological Survey. 2 Confederated Salish and Kootenai Tribes.
The procedure for weighting individual estimates is based on the variance and degree of independence of the individual estimating methods. Standard errors for the weighted estimates of the monthly flow characteristics range from 15 to 43 percent when all three methods are used. The weighted-average estimates frorr all three methods are generally substantially more reliable than any of the individual estimates.
INTRODUCTION
Although western Montana generally has abundant surface water, shortages are common because of the large areal and seasonal variability of runoff. Making sound management decisions to relieve periodic shortages and to most efficiently allocate the supply among competing users thus requires reliable information about the variability of streamflow. In particular, the distribution of daily mean discharge by month is of interest to fish and wildlife managers, water-rights administrators, and other land-and water-use planners and managers. Unfortunately, techniques for estimating monthly streamflow characteristics are not as readily available as techniques for estimating annual and peak streamflow characteristics. For example, the only U.S. Geological Survey report containing estimating equations for mean monthly discharge in Montana is one by Boner and Bus well (1970) ; that report is based on a relatively small number of streamflow-gaging stations having at least 10 years of record then available. A more recent report by Parrett and Hull (1985, p. 8, 9) indicates that mean monthly discharge can be estimated at an ungaged site by using existing techniques to estimate a m?an annual discharge and then assuming that the monthly distribution of the annual discharge follows the same distribution as some nearby gaged site. The accuracy of the estimated monthly mean discharge by use of this technique, however, is not completely satisfactory in western Montana.
Because of the dearth of techniques available for estimating monthly streamflow characteristics at ungaged sites in western Montana, the present study was undertaken in 1985 in cooperation with the U.S. Bureau of Indian Affairs and the Confederated Salish and Kootenai Tribes of the Flathead Indian Reservation. The objective of the project was to develop techniques for estimating long-term mean monthly discharge and various points on the daily mean flow-duration curve for each month (daily mean discharges that were exceeded 90, 70, 50, and 10 percent of the time each month) that would be applicable within the boundaries of the Flathead Indian Reservation in western Montana.
Purpose and Scope
The purpose of this report is to describe the estimation methods that were developed and to discuss their reliability and limitations. Three methods for estimating the required discharges were developed. One method is based on the relation between streamflow and various basin and climatic variables. The second method is similar to the first and is based on the relation between discharge and channel width. The third method requires once-monthly measurements of discharge at the ungaged site of interest and is based on the relation between the measured discharges and concurrent daily mean discharges at a similar, nearby gaged site. A procedure also is presented for weighting the individual estimates of discharge made from two or more of the three separate methods. The weighted-average estimate is based on the variance and degree of independence of the individual estimating methods. Calculated standard errors of prediction are used as a measure of reliability of each estimating method, and experience gained in the development and application of the methods is used to describe the major limitations.
Description of Study Area
Because of the small number of streamflow-gaging stations having monthly discharge data within the Flathead Indian Reservation, the study area was expanded to include the entire part of the State within the upper Columbia River basin as well as the adjacent eastern side of the Rocky Mountains ( fig. 1 ). This area, termed "western Montana" for the purposes of this report, is composed largely of northto northwest-trending mountain ranges separated by long, fairly narrow valleys. Except for the valley-floor areas, the study area is generally rugged and forested. The flatter valleys are mostly cultivated or grazed. The Flathead Indian Reservation, like the larger study area, is composed of both mountains and valleys. The reservation is bounded on the east by the rugged Mission Mountains and on the south and west by less rugged and less prominent mountains. Much of the interior part of the reservation includes broad intermontane valleys and gently rolling prairies.
Annual precipitation varies widely in the study area, primarily because of orographic effects. Annual precipitation tends to be greatest in the mountains, where it is as much as 100 in. in the northeastern corner of the study area and in the Mission Mountains on the eastern edge of the Flathead Indian Reservation (U.S. Soil Conservation Service, 1981, p. 1-2) . In the drier valley areas, including the Little Bitterroot River valley within the Flathead Indian Reservation, annual precipitation is as little as 12 in.
Annual runoff generally follows the precipitation pattern, with greater quantities occurring in the areas of higher elevation. Streamflows vary greatly on a seasonal basis, as snowmelt provides the bulk of annual runoff in May, June, and July for the mountain strearrs and in March, April, and May for the streams draining the lower foothills and valley-floor areas. The smallest Streamflows generally occur in late fall and winter when Streamflows are almost entirely the result of ground-water inflow. Smaller streams draining the valleys may become dry during this period.
Streamflow Data Used
Monthly streamflow characteristics were computed from data at 59 streamflow-gaging stations within the study area, including 12 stations within the Flathead Indian Reservation. All stations used in the analysis had at least 5 years of record through water year 1986, although some stations did not have a complete record for all months. Streamflow-gaging stations where flows are substantially regulated or where large diversions substantially affect most flows were not used in the analyses. The locations of the streamflow-gaging stations used are shown in figure 1. The monthly streamflow characteristics computed for each station are listed in table 11 in the Supplemental Data section at the back of the report.
METHODS FOR ESTIMATING MONTHLV STREAMFLOW

Basin-Characteristics Method
One method for estimating streamflow characteristics at ungaged sites uses multiple-regression equations that relate streamflow characteristics at gaged sites to various measured basin and climatic variables. This method, termed the "basin-characteristics method" in this report, has commonly been used in Montana to estimate flood flows and mean annual flows (Parrett and Omang, 1981; Prrrett and Hull, 1985; Omang and others, 1986) .
Because the basin-characteristics method has been widely used, several basin and climatic variables have been measured previously at virtually every U.S. Geological Survey streamflow-gaging station in Montana. Th^se measurement data are stored in the Basin Characteristics File of 
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the U.S. Geological Survey's Water Data Storage and Retrieval System (WATSTORE). Boner and Buswell (1970) used basin characteristics to develop estimating equations for mean monthly flow in Montana, but the reported accuracy was generally unacceptable. According to Riggs (1972, p. 13-14) , the basincharacteristics method is not well suited for the estimation of low flows, because low flows are largely affected by localized geology that cannot be quantified easily. For this study, several previously unmeasured basin characteristics that might be indicative of basin geology were investigated. Eighteen streamflow-gaging stations (table 1) in the study area were randomly selected, and the following geomorphic variables were measured at each site on U.S. Geological Survey topographic maps: basin perimeter, basin slope, circularity ratio, maximum basin relief, drainage density, stream frequency, and aspect.
Basin perimeter, expressed in miles, was determined by measuring the basin drainage area outline on the bestscale topographic map available. Basin slope, which is dimensionless, was determined by measuring the lengths of all contours at a fixed contour interval within the basin, multiplying by the contour interval, and dividing by the basin drainage area. Because the number of contours is largely dependent on the map scale, a single scale (1:24,000 U.S. Geological Survey 7.5-minute quadrangle maps) was used for determining basin slope at all sites; the contour interval selected was 400 ft. The map scale used at any ungaged site needs to be the same to ensure that the equations are applicable. Circularity ratio, which is also dimensionless, was determined by dividing the basin drainage area by the area of a circle having the same basin perimeter. Maximum basin relief, expressed in thousands of feet, was determined by subtracting the elevation of the stream at the basin outlet from the maximum elevation contour within the basin boundary shown on the contour map. Drainage density, expressed in miles per square mile, was determined by measuring and totaling the lengths of all channel segments shown on the contour map and dividing the result by the basin drainage area. As with basin slope, only 1:24,000 quadrangle maps were used to determine drainage density and the closely related variable, stream frequency. Stream frequency, expressed as a number per square mile, was determined by dividing the total number of stream segments by the basin drainage area. Aspect, expressed in degrees, was determined by measuring the angle from north to the line connecting the basin centroid to the basin outlet. Measurements of aspect were made either clockwise or counterclockwise from north so that the maximum possible aspect was 180°. Thus, a line from the centroid to the outlet oriented due west would result in an aspect of 90°, as would a line from the centroid to the outlet oriented due east.
The newly measured basin characteristics were combined with 10 standard basin and climatic characteristics Logan Creek previously measured at the 18 stations and treated as independent variables in a multiple-regression analysis. The 10 standard basin and climatic characteristics used were the following: drainage area, percentage of basin above 6,000 ft elevation, main-channel length, mean annual precipitation, mean basin elevation, main-channel slope, percentage of basin covered by forest, percentage of basin composed of lakes and ponds, precipitation intensity of a storm of 24 hours duration having a recurrence interval of 2 years, and mean January minimum temperature. Individual equations for five monthly flow characteristics for each month (60 equations) were developed by using a computerized stepwise regression procedure. On the basis of this initial analysis, the only new basin characteristics that were significant were basin perimeter, basin slope, circularity ratio, and maximum basin relief. Accordingly, these four new basin characteristics were considered to be worthy of inclusion in a regression analysis in which all available streamflow-gaging-station data in the study area were used, and they were subsequently measured at 54 gaged sites. Suitable topographic maps were not available for four gaged sites (stations 06030500, 06033000, 06061500, and 06081500), so these sites were excluded from the regression analysis. In addition, station 12359000 was excluded from the regression analysis because total streamflows at this site are substantially greater than at any other site used in the analysis.
In the multiple-regression analysis in which the 54 gaged sites were used, the following basin and climatic variables were significant in at least one regression equation:
A drainage area, E6 percentage of basin above 6,000 ft elevation, plus 1, PE basin perimeter, BSL basin slope, L main-channel length, P mean annual precipitation, E mean basin elevation, BR maximum basin relief. The most significant variable in almost all instances was main-channel length. Main-channel length is more susceptible to human change and measurement error than is drainage area, however, so drainage area was substituted for main-channel length and the regressions were repeated. Because main-channel length and drainage area are highly correlated, the substitution produced no substantial change in regression reliability. Although circularity ratio was determined to be significant in the initial regression analysis in which 18 test sites were used, it was not significant in the analysis in which all 54 gaged sites were used.
Drainage area, expressed in square miles, was determined by planimetering on the topographic map having the best scale. Percentage of basin above 6,000 ft elevation above sea level was determined by planimetering the drainage area above the 6,000-ft contour on the best topographic map available, dividing by the total drainage area, multiplying by 100, and adding 1 to ensure that 0 values did not occur. Mean annual precipitation, expressed in inches, was the basin average precipitation as determined from maps published by the U.S. Soil Conservation Service (1981) . Mean basin elevation, expressed in thousands of feet, was determined by overlaying a transparent grid on the basin outline on a topographic map, reading the elevation at the grid intersections, and averaging the readings. The basin and climatic characteristics measured at each streamflowgaging station used in the regression analysis are listed in table 12 at the back of the report.
Monthly streamflow data and basin and climatic characteristics at the 54 gaged sites in the study area were converted to logarithms and used in a multiple-regression analysis to derive estimating equations of the following linear form:
log Q = log a + b\ log B + b2 log C + ... 
The regressions were performed by using a computerized stepiwise regression procedure that adds independent variables to the equation one at a time until all significant variables are included. In this study, a variable was included in the model if the F statistic was greater than 5. The computerized procedure also provided statistical measures of the applicability of the derived equations such as standard errors of estimate and coefficients of determination. In general, the smaller the standard error and the larger the coefficient of determination, the more rel : able is the estimating equation.
To ensure that estimates from the regression equations for any month would be consistent, the initial equations for some streamflow characteristics were modified. In these instances, variables that were significant in most of the equations for any given month were selected as key variables, and the regressions were repeated hv using the key variables as the only independent variables. For any given month, the equations for all streamflow characteristics thus have the same independent variable?. Complete results of the regression analysis based on basin characteristics are given in table 2, along with the coefficients of determination and standard errors associated with each estimating equation.
As indicated by the results in table 2, the basincharacteristics equations generally are more reliable for estimating the higher flow monthly characteristics (for example, <2.50, <2.10, and QM) than the lowe" flow characteristics (Q.90 and Q.70) in any given month. The basin-characteristics equations also generally are more reliable for estimating flow characteristics for the months of high runoff (May and June) than for the months of generally low runoff (July through April).
Channel-Width Method
The second method used in this study fcr estimating monthly streamflow characteristics at ungagel sites also uses multiple-regression equations developed from gaged data. In this instance, however, monthly streamflow characteristics at gaged sites are related to measured-channel widths at the gaged sites rather than to measured-basin characteristics. This method, termed the "channel-width method" in this report, has been used with generally good success in Montana and elsewhere for the estimation of flood flows and mean annual flows (Hedman and Osterkamp, 1982; Omang and others, 1983; Parrett and others, 1983; Carrier, 1984; Wahl, 1984) . Because channel size is presumed to be largely the result of bankfull or near-bankfull flows, the channel-width method generally has not been used for monthly or low-flow characteristics. Nevertheless, the method was investigated for this study because the channel width had previously been measured at most of the gaged sites and because the relation between monthly flow characteristics and bankfull flows is fairly consistent for most perennial streams in the st'idy area.
Channel features previously measured a* gaged sites were active-channel width and bankfull width. At most sites the two features were about equally prominent and identifiable. Osterkamp and Hedman (1977, p. 256 ) described the active channel as .. .a short-term geomorphic feature subject to change by prevailing discharges. The upper limit is defined by a break in the relatively steep bank slope of the active channel to a more gently sloping surface beyond the channel edge. The break in slope normally coincides with the lower limit of permanent vegetation so that the two features, individually or in combination, define the active channel reference level. The section beneath the reference level is that portion of the stream entrenchment in which the channel is actively, if not totally, sculpted by the normal process of water and sediment discharge.
The bankfull-channel section (also referred to as the main-channel or whole-channel section) was described by Riggs (1974, p. 53) as ".. .variously defined by breaks in bank slope, by the edges of the flood plain, or by the lower limits of permanent vegetation." On perennial streams, the upper extent of the bankfull-channel section corresponds to the bankfull stage at a narrow stream section described by Leopold and others (1964) . For most sites in the study area, the bankfull width was only slightly larger than the activechannel width. The lower limit of permanent vegetation was most commonly the recognizable reference feature for active-channel width, whereas the prominent break in slope was most commonly used to define bankfull width.
In this study, the monthly streamflow characteristics and measured-channel widths were converted to logarithms, and multiple-regression techniques were used to derive estimating equations relating monthly streamflow to either active-channel or bankfull width:
where Q is a monthly streamflow characteristic as previously defined, a is the regression constant, b is the regression coefficient, and W is the significant independent variable, either active-channel width (WAC) or bankfull width
The nonlinear form of equation 3, obtained by taking antilogarithms, is the following:
The final regression equations derived by using channel widths and their coefficients of determination and standard errors are given in table 3. As with tH basincharacteristics equations, the channel-width equations are generally more reliable for the higher flow characteristics (Q.50, Q.10, and QM) than for the lower flow characteristics (Q.90 and Q.10). Likewise, the channel-wic1^ equations are more reliable for the months of high runoff than for the months of low runoff and base flow. When measurement error is ignored, comparison of results in tables 2 and 3 indicates that the basin-characteristics equations and channel-width equations are about equally reliable for most flows for most months.
Concurrent-Measurement Method
The third method for estimating monthly streamflow characteristics at an ungaged site requires a series of Table 3 . Results of regression analysis based on channel width .69
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. discharge measurements at the site. The measured discharges at the ungaged site are correlated with concurrent discharges at some nearby, hydrologically similar gaged site, and the relation between the discharges at the two sites is used to transfer the desired long-term streamflow characteristic at the gaged site to the ungaged site. This estimation method, referred to in this report as the "concurrent-measurement method," has been used previously in Montana to estimate mean annual streamflow (Parrett, 1985; Parrett and Hull, 1985) and selected flows on a duration curve of monthly mean streamflow (Parrett and Hull, 1986) . According to Searcy (1959, p. 17) and Riggs (1972, p. 15) , the concurrent-measurement method generally provides more reliable estimates of low-flow characteristics than other methods in which discharge measurements are not used.
The concurrent-measurement method investigated in this study requires 12 measurements (1 per month) at the ungaged site of interest. The measurements are paired with concurrent daily mean discharges obtained from a similar, nearby gaged site, and a straight line is plotted through the logarithms of the data points. The curve-fitting technique used (MOVE.l) is described by Hirsch (1982) . The MOVE. 1 technique is similar to an ordinary least-squares regression, except that ordinary regression minimizes the squared vertical deviations of the dependent variable from the regression line, whereas the MOVE.l technique minimizes the areas of the right triangles formed by the horizontal and vertical deviations from the regression line (Hirsch and Gilroy, 1984, p. 707) . The equation describing the ordinary least-squares regression line is the following:
where y y r is the dependent variable, is the sample mean of the dependent variable, is the sample correlation coefficient between the dependent and independent variables, is the sample variance of the dependent variable, is the sample variance of the independent variable, is the independent variable, and is the sample mean of the independent variable. The following equation describing the MOVE. 1 bes*-fit line is identical to equation 5 except that r is not included:
where all terms are as defined above. An example of an ordinary regression line and a MOVE.l line fit to concurrent daily mean discharges at two gaged sites is si own in figure 2. Although the two best-fit lines in figure 2 are similar, Stedinger and Thomas (1985) have shown that the MOVE.l line is an unbiased estimator of low flows, whereas the ordinary regression line is a biased estimator of low flows. An alternative approach to the MOVE.l or ordinary least-squares regression would be a visual ft to the 12 data points. Although a visual fit would be subjective, it would allow the fitting of curves or multiple straight-line segments rather than a simple straight line.
To obtain an estimate of a particular monthly flow characteristic at the ungaged site, the value of the flow characteristic at the gaged site is located along the horizontal axis and projected to the MOVE.l line. The horizontal projection from the MOVE. 1 line to the vertical axis yields the estimate at the ungaged site as shown in figure 2. As indicated by Searcy (1959, p. 20) , the relation between concurrent high flows may be different from the relation between concurrent base flows so that a single straight line may not provide a good fit to the data. Riggs (1969) also showed that a difference in timing of runoff at two sites will result in a concurrent discharge plot that resembles a loop. Nevertheless, an examination of concurrent discharges from pairs of streamflow-gaging stations within the study area indicated that, in most instances, either the deviation from a single straight-line fit was not significant or the scatter about the line was great enough to mask any deviations. Accordingly, the reliability tests of the concurrentmeasurement method are all based on a single MOVE.l fit to the concurrent-measurement data. In applying the method at any particular site, however, the reader needs to be aware that a single straight line may not fit the data as well as two straight-line segments or that a timing-effects loop may exist. Using more complicated curve-fitting procedures in those instances will probably yield more accurate estimates than using the single MOVE.l line.
To estimate the standard error of estimate of the concurrent-discharge method, the 20 pairs of streamflowgaging stations listed in table 4 were tested. One station of each pair was selected to be the test site (herein called the pseudo-ungaged site) for which estimates of monthly streamflow were required, and the other station served as the nearby, hydrologically similar index site. The stations were chosen such that the degree of similarity between the pseudo-ungaged and gaged sites was about the same as would be expected in actual practice. Thus, in some instances both sites were located in adjacent drainages and were very similar, and in other instances the sites were many miles apart and probably not so similar. One year from the concurrent period of record at each pair of stations was randomly selected, and the recorded daily mean discharge on the 15th of each month was used as the measured discharge at the pseudo-ungaged site and as the concurrent discharge at the gaged site. The MOVE.l technique was then used to fit a line to the 12 data points, and the fitted line was used to estimate the monthly flow characteristics at the pseudo-ungaged site from the known monthly flow characteristics at the gaged site as described above.
The standard deviation of the differences (residuals) between the actual monthly flow characteristics at the 20 pseudo-ungaged sites and the estimated monthly flow characteristics from the MOVE.l line was considered to be analogous to the standard error of estimate computed for the basin-characteristics method and the channel-width method. The resultant calculated "standard errors" for the monthly 1951 1947 1969 1951 1912 1980 1970 1968 1966 1967 1958 1958 1952 1953 1956 1956 1956 1979 1976 1983 'Maintenance of Variance Extension, Type 1 (MOVE.l).
flow characteristics as determined from the 20 pairs of stations are presumed to be a reasonable approximation of the expected reliability of the concurrent-measurement method and are listed in Using the concurrent-measurement method with 12 once-monthly measurements requires a large investment of time and money. Therefore, it is of some interest to investigate whether a program of fewer measurements might provide estimates of acceptable accuracy. Accord- ingly, the concurrent-measurement method was tested for the situation where only five once-monthly discharge measurements were available. For the same randomly selected year of record used in the 12-measurement test, the midmonthly recorded discharge for the base-flow months November through March were used as data points for the 20 gage pairs, and the test described above was repeated. The five base-flow months were chosen for testing because many ungaged sites on the Flathead Indian Reservation had discharge measurements available for only those months. The computed standard errors for the concurrentmeasurement method based on the five base-flow measurements are given in table 6. In this instance, the computed standard errors are substantially larger than the computed standard errors for the 12-measurement situation for most months when flow measurements were not available. The computed standard errors for the five-measurement situation are particularly large, substantially larger even than the standard errors for the basin-characteristics method or the channel-width method, April through July. Thus, the concurrent-measurement method based on fewer than 12 measurements may provide monthly flow estimates with an acceptable accuracy only for those months when measurements were made. 
Weighted-Average Estimate
When different methods are available for estimating streamflow characteristics, it seems reasonable to assume that a weighted average of the individual estimate" might provide a better answer than any of the individual estimates. When the individual estimates are independent, E.J. Gilroy (as cited by the U.S. Water Resources Council, 1981, p. 8-1) showed that the individual estimates could be weighted inversely proportional to their variances, and the resultant weighted average would have a smaller variance than any of the individual estimates.
To test whether the three estimating methods yield independent estimates, the cross-correlation coefficient between the residuals from the different methods was computed for 18 of the gaged sites used as pseudo-ungaged sites (table 4) in the concurrent-measurement method test. Two sites used in the concurrent-measurement test (stations 06030500 and 06081500) could not be used in this test because not all required basin-characteristics data were available. The equation used to compute the crosscorrelation coefficient is the following: (N-\)SX SV (7) where r^, is the correlation coefficient between the residuals from method x and method y (ranges from 1.0 to 1.0), N is the total number of sample residuals (18 in this computation), xf and yt are the /th residuals from methods x and y, x andy are the mean values of the residuals from methods x and y, and Sr and Sv are the standard deviations of the residuals * y from methods x and y. If the computed correlation coefficients between the residuals from any two estimating methods are zero or near zero, the two methods may be considered to be independent. The results of the correlation-coefficient computations for all methods are listed in tables 7-9.
As indicated by the results in table 7, the basincharacteristics method and the channel-width method yield monthly flow estimates that generally are not independent from each other. The results in tables 8 and 9 indicate that the concurrent-measurement method provides monthly flow estimates that are independent from either of the other two methods for some monthly flow characteristics for some months. For other flow characteristics and months, however, the concurrent-measurement method estimates are not independent from estimates made from the other two methods. Results in tables 8 and 9 also indicate that the correlation between the concurrent-measurement method and the other two methods commonly is negative. The negative correlations are an indication that the two methods being compared are providing estimates on either side of the true value and that the errors of the individual estimates might be compensating when the estimates are combined.
If the individual estimates are not independent, the following equations (E.J. Gilroy, U.S. Geological Survey, written commun., 1987) can be used to weight the individual estimates so as to yield the weighted-average estimate with the smallest variance:
where
where Z is the unbiased, weighted estimate of some flow characteristic, a\, a2, and a3 are weights that result in a minimumvariance, unbiased, linear combination of jcl, x2, and x3, and xl , x2, and x3 are estimates of the flow characteristic from three different methods. Equations for the weights are as follows:
C SE2 T SE3 2 02 3) SElt SE2 , and SE3 are the standard errors of the three different estimating methods, S1>2 = ?"i,2 CS^i ' ^#2) and is the covariance of methods 1 and 2, Si, 3 = ri,3 (S^i ' SE3) and is the covariance of methods 1 and 3, $2,3 = r2,3 (3^2 ' S£3) and is tne covariance of methods 2 and 3, r, y is the cross-correlation coefficient between estimates from methods i and j, A = SE 2 + SE/ -2 51>3 , and
The estimated standard error of the weighted estimate, SEZ , is determined as follows:
where all terms are as previously defined. If only two of the estimating methods a~e used, the following equations for computing weights and standard error are applicable:
Z= al-xl + a2-x2, and (13)
where al = (SE22 -S^2)/(SE 2 + SE22 -2 S1>2), and
al = (SE -S^2)/(SE + SE2 -2 Slt2).
The above equations were used to calculate weights and standard errors for all combinations of the three estimating methods. For the basin-characteristics method and the channel-width method, the standard errors are based on the regression data from 54 gaged sites. The standard errors for the concurrent-measurement method are based on data from 20 gaged sites (table 4) . The results, listed in table 13 at the back of the report, indicate that considerably more weight is given to the concurrent-measurement method estimates than to either the basin-cl aracteristics method or channel-width method estimates for all monthly streamflow characteristics for all months. Likewise, the weighted standard errors are substantially le^s when the concurrent-measurement estimates are included in the weighting procedure than when only estimates from the basin-characteristics method and channel-widtl method are used. 
RELIABILITY AND LIMITATIONS OF ESTIMATING METHODS
Graphical comparisons of the standard errors for the individual methods of estimation and for the weightedaverage estimates based on all three methods are shown in figures 3-7. The standard errors, expressed in percent, range from 43 to 107 for the basin-characteristics method, from 41 to 111 for the channel-width method, from 19 to 92 for the concurrent-measurement method, and from 15 to 43 for the weighted-average estimates based on all three methods. As indicated, the weighted-average ectimates have the smallest standard errors for all monthly flow characteristics for all months. The weighted-average estimates thus are considered to be generally substantially more reliable than estimates from any of the three individual methods. Although figures 3-7 indicate the general reliability of the different estimating methods, the reader needs to be aware of certain limitations associated with the individual methods that may limit their applicability. Both the basincharacteristics method and the channel-width method, for example, are based on regression analyses, and the resultant regression equations may not be applicable beyond the range of variable values used to derive the equations. The ranges of basin and climatic characteristics and channel widths used in this study are given in table 10. Extrapolation beyond the values listed may yield erroneous estimates. Regression equations based on basin characteristics are also generally not applicable to streams that receive their water from springs or that lose substantial flows because of permeable streambeds or other localized geologic features. The equations also may not be applicable to stream sites that have appreciable upstream lake storage or diversions.
Regression equations based on channel width are probably more reliable than equations based on basin characteristics in such instances, because channel width is formed by the recent flow regime, no matter how anoma- can be found and where a suitable, nearby, concurrent streamflow-gaging station is available. Thus, the method can be used for sites where neither the basin-characteristics method nor the channel-width method provides reliable estimates, but the reliability of the estimates made by use of the concurrent-measurement method is dependent on the degree of correlation between the measurement site and the correlating gaged site. If the concurrent measurements at the two sites are poorly correlated and show a large amount of scatter about the best-fit MOVE.l line, the estimates made by use of the concurrent-measurement method may be unreliable. Extension of the MOVE.l line beyond the range of discharge measurements may also result in errors in the long-term estimates. Additional limitations on the use of the concurrent-measurement method are the expense and time required to make the required 12 monthly flow measurements. Alternative measuring programs based on fewer measurements can be devised, but the standard errors of the method may increase substantially. lous the regime may be. Conversely, however, the channelwidth method is generally not applicable where exposed bedrock occurs in either the streambed or banks, on braided or sand-channel streams, or on streams that have recently flooded or been altered by human activities. In addition, accurate measurements of channel width require training and experience, and, even among experienced individuals, the variability in measured widths can be large. On the basis of a test in Wyoming, Wahl (1977) reported that the standard error in estimated flood discharge that could be attributed solely to measurement error might be as large as 30 percent. The total standard error of estimate for discharge based on the channel-width method thus is composed of both regression error and some unknown error in measurement.
Because the concurrent-measurement method is based only on measured streamflow, the method is generally applicable where a suitable flow-measurement section
APPLICATION OF ESTIMATING METHODS
The general procedures for using all methods to make estimates of monthly flow characteristics and for weighting the individual estimates are illustrated in the following examples. The examples are varied to illustrate typical applications of the various methods.
Example 1.
Estimates of the daily mean discharges exceeded 90 and 10 percent of the time (0.90 and 0.10) during July are required for a stream located within the study area. The basin perimeter (PE), maximum basin relief (BR), and basin slope (BSL) were measured on suitable topographic maps and determined to be 13.1 mi, 5.22 thousands of feet, and 0.55, respectively. The site was visited and the activechannel width (WAC) was determined to be 16 ft. By use of the applicable basin-characteristics equations from table 2, the required monthly streamflow characteristics are calculated as follows: Estimates of the daily mean discharge exceeded 50 percent of the time (0.50) and the mean monthly discharge (QM) for June are required for a site in the study area. Insufficient time was available to use the concurrentmeasurement method. The following basin and climatic characteristics were measured from topographic and precipitation maps:
Drainage area (A) = 22.6 mi~. Basin slope (BSD = 0.62, Mean annual precipitation (P) = 40 in., and Percentage of basin above 6,000 ft elevation, plus 1 (£6) = 61.0.
On a site visit, the bankfull width (WBF) was measured as 35 ft. By use of the applicable basin-characteristics equations in table 2, the required monthly flow characteristics were calculated as follows: Estimates of mean monthly discharge for January and February are required for a site in the study area. The following basin characteristics were measured from available topographic and precipitation maps:
Drainage area (A) = 21.0 mi 2 . Maximum basin relief (BR) = 4.01 thousands of feet, and Basin slope (BSL) = 0.37.
On a site visit, the active-channel width (WAC ) was measured as 30 ft. During the site visit, the stream appeared to receive its water from a spring because streamflow was greater than at nearby, similar streams in the area. A concurrent-measurement program was instituted, and the 12 visits for measurements also confirmed that the site had greater flows than nearby, similar streams. On the basis of the concurrent-measurement program, estimates of the required monthly flow characteristics were as follows:
QM for January =22.5 ft3/s QM for February = 24.2 ft3/s By use of the appropriate basin-characteristics equations in table 2, mean monthly flow estimate? were calculated as follows:
QM for January QM for January QM for January 
Application of Estimating Methods
By use of the appropriate channel-width equations in Because the flow estimates made from the basincharacteristics equations were substantially smaller than the estimates made from the other two methods, and because the site appeared to receive its water from a spring during the site visits, the basin-characteristics estimates were considered to be erroneous. The final weighted estimates of mean monthly flow thus were made by using only the concurrent-measurement method estimates and the channelwidth method estimates from table 13 for January and February as follows: The above examples were selected to illustrate how the various methods for estimating monthly streamflow characteristics could be used and combined in typical applications to provide the most reliable estimates. Considerable judgment is required to decide which methods may be appropriate or cost and time effective, however. Situations requiring the most accurate and reliable estimates will almost always require use of the concurrent-measurement method, but the additional time and cost required may be prohibitive.
SUMMARY AND CONCLUSIONS
Three methods for estimating mean monthly discharge and various points on the daily mean flow-duration curve for each month (daily mean discharges that were exceeded 90, 70, 50, and 10 percent of the time each month) were developed for western Montana. The first method was based on a multiple-regression analysis that related the streamflow characteristics to various basin and climatic variables. Several new basin characteristics were measured and tested to determine whether the regression equations might be improved. New characteristics that were found to be significant were basin perimeter, basin slope, and maximum basin relief. The estimating equations based on basin characteristics had standard errors ranging from 43 to 107 percent. The standard error was smallest in the estimating equations for daily mean discharge that was exceeded 10 percent of the time (Q. 10) for June and for mean monthly discharge for June. The standard error was largest in the estimating equations for daily mean discharge that was exceeded 90 percent of the time (Q.90) for August. Regression equations based on basin and climatic characteristics are generally not applicable to streams that receive or lose water as a result of localized geologic feature". They also may not be applicable to stream sites having apnreciable upstream storage or diversions.
The second method for estimating monthly streamflow characteristics was based on a regression analysis relating the streamflow characteristics to channel width. The channel-width features used were active-channel width (WAC) and bankfull width (WBF). Most of the derived regression equations were based on active-channel width, but the equations for May and June were based on bankfull width. The standard errors for the estimating equations based on channel width ranged from 41 to 111 percent. The standard error was smallest in the estimating equation for daily mean discharge that was exceeded 10 percent of the time (Q.10) during June and was largest in the estimating equation for daily mean discharge that was exceeded 90 percent of the time (Q.90) in September. Regression equations based on channel width are generally not applicable where bedrock is exposed in the channel, on braided or sand-channel streams, or on streams that have recently been altered by floods or human activities. Proper application of the channel-width method also requires training anc1 experience.
The third method for estimating monthly streamflow characteristics, termed the "concurrent-measu"ement method," required 12 once-monthly measurements of streamflow at the ungaged site of interest. The streamflow measurements at the ungaged site were correlated with concurrent discharges at a nearby gaged site by use of a MOVE.l curve-fitting technique. The relation between flows at the two sites defined by the MOVE.l curve then was used to compute the required monthly flow cha^acter-istics at the ungaged site from the monthly flow characteristics at the gaged site. Standard errors for the concurrentmeasurement method were estimated by applyir^ the method to 20 gaged sites and computing the standard deviation of the differences between the monthly flow characteristics determined from the estimation method and the monthly flow characteristics determined from the actual flow record. On this basis, the standard errors of the concurrent-measurement method ranged from 19 to 92 percent. The standard error was smallest in the estimate for the daily mean discharge that was exceeded 50 percent of the time (Q.50) during December and was largest in the estimate for the daily mean discharge that was exceeded 90 percent of the time (Q.90) during August. Although the concurrent-measurement method is generally substantially more accurate than either the basin-characteristics method or the channel-width method, it may yield unreliable results if there is poor correlation between the measurement site and the correlating gaged site. In addition, the monthly flow measurement method may be too expensive and time consuming for some applications.
A procedure for weighting individual estimates from any combination of the three different estimating methods to provide a minimum-variance weighted-average estimate also was developed. The standard errors for the weighted estimates of monthly flow characteristics when all three methods were used ranged from 15 to 43 percent. The standard error was smallest for the weighted estimates for the daily mean discharge that was exceeded 50 percent of the time (Q.50) during November and December and was largest for the daily mean discharge that was exceeded 90 percent of the time ((2-90) during August. [Basin/climatic characteristic: A, drainage area, in square miles; £6, percentage of basin above 6,000 feet elevation, plus 1; PE, basin peritieter, in miles; BSL, basin slope, dimensionless; L, main-channel length, in miles; P, mean annual precipitation, in inches; E, mean basin elevation, in thousands of feet; BR, maximum basin relief, in thousands of feet. Channel width: WAC , active-channel width, in feet; WBF, bankfull width, in feet; --, no data] 
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